Angiographic findings of 105 cases with internal carotid artery (ICA) occlusion were classified into 10 types according to the site of the occlusion and the development of the direct and indirect collaterals. Angiographic and pathologic correlation was made on 12 autopsy cases in the pre-CT era. Furthermore, clinical, angiographic, and pathological features were evaluated in 9 cases with probable embolic occlusion out of the 12 autopsy cases. Extent of the infarction on the CT of 93 out of the 105 cases with ICA occlusion was classified into 6 types and correlated with the angiographic types and the nature of ICA occlusion (embolism vs thrombosis). The roles of CT and angiography in the evaluation of disturbances in the cerebral circulation were discussed.
Introduction
It has long been known that the clinical presentations of internal carotid artery (ICA) occlusion are quite variable. They are usually classified into the sudden stroke type, the recurrent transient ischemic attack (TIA) type, and the progressive stroke type.') Even among the sudden stroke type cases, clinical manifesta tions differ widely; some patients became unconscious rapidly and die within a few days, while others show only a minor deficit in cortical or higher cortical functions.
Such a wide variation in the clinical manifestations seemed mainly a reflection of a broad spectrum in the extension of infarct in ICA occlusion.2) However, systematic demonstration of the factors which deter mine the extension of infarct in cases with ICA occlu sion has not been available.
We correlated ICA occlusion with CT-angiography, with special reference to 1) the extension and features of the infarction on CT, and 2) the site and nature (embolism or thrombosis) of ICA occlusion, and 3) the mode and degree of the development of the col laterals to the affected cerebral hemisphere. In all of these 105 cases, a 4-vessel study was performed to evaluate, 1) the degree of wall irregularity, luminal narrowing, and the site of occlusion in the ICA, 2) the degree of develop ment of direct collaterals via the circle of Willis, and 3) the degree of the development of indirect collateral tracts via the leptomeningeal, ophthalmic, and dural anastmoses. For the 12 autopsy cases done before the advent of CT (pre-CT era), extension and features of infarct were examined and correlated with the findings of angio graphy. To determine the nature of the ICA occlusion, clinical features such as the mode of onset of the neurological manifestations and the findings of car diovascular system were evaluated. Pathological findings such as mural thrombus in the heart and great vessels and evidence of systemic embolism, and histological findings of the occluding material and the arterial wall at the site of the ICA occlusion were examined.
For the 93 cases in the "CT era", which included 5 autopsy cases, the extent of the low density area on CT was correlated with the findings of the 4-vessel study. The ocurrence of a low density area, brain swelling, and hemorrhagic transformation of the 
Results
Angiographic findings of the 105 cases with ICA oc clusion were classified into 10 types according to 1) the site of occlusion and the mode of development of direct collaterals from the contralateral ICA via the anterior communicating artery (ACoA) and from the basilar artery via the posterior communicating artery (PCoA), and 2) the mode of the development of indirect collaterals between the anterior cerebral artery (ACA), middle cerebral artery (MCA), and the posterior cere bral artery (PCA) via the leptomeningeal anastmoses (Table 1) . Indirect collaterals between the branches of the external carotid artery and the ICA via the oph thalmic anastmoses were seen in 8 out of the 51 cases with cervical ICA occlusion. Significant indirect col laterals via the transdural anastmoses were not seen in any of these cases. Moderate to severe stenosis of contralateral ICA was seen in 31 cases of cervical ICA occlusion. In all of the sudden stroke type cases, an giography was done within several hours after the onset. In cases with intracranial ICA occlusion, the serialogram usually showed that the column of con trast material ascended slowly up to the site of occlu sion within 4 to 7 seconds after starting injection, and the shape of the occluding material could occasionally be seen as a filling defect ( Fig. lB and 3A) . The extent of infarct and the pattern of angiographic findings of the 12 autopsy cases in the pre-CT era are summarized in the Table 2 . The nature of the ICA oc clusion in 9 cases with an extensive area of infarct was considered to be embolism, according to the diagnostic criteria hitherto accepted.' ,13,17) The clinical, angiographic, and pathological indica tions of embolic occlusion of the ICA were derived from these 9 cases and are summarized in the Table 3. CT findings of the 93 cases with ICA occlusion were classified into 6 types and correlated with the 10 angiographic patterns of Table 1 (Table 4) . Cases with more than 5 of the 8 indications of embolism mentioned in Table 3 are shown in parenthesis, as are cases with probable embolic occlusion shown in Table 4 . Hemor rhagic infarction was seen on CT in 18 out of 41 cases with a probable embolic occlusion of the ICA. The ICA occlusion, which had been seen with angio graphy after the initial onset, disappeared completely or partially in follow up angiography (Fig. 1 C) or at the time of autopsy examination (Fig. 8B ) in 12 out of 41 cases with probable embolic occlusion of the ICA. Case 1 This 70-year-old female was found uncon scious at the entrance of a post office. On admission to our hospital 4 hours after the onset, moderate dis turbance in consciousness, left hemiparesis and hemi hypesthesia including face, and atrial fibrillation were noted. The CT taken 4.5 hours after the onset was unre markable. The right carotid angiogram immediately after CT examination showed an abrupt occlusion of the ICA at its terminal bifurcation (Fig. 1 A) . The left carotid injection visualized the right ACA via the ACoA well. Part of the occluding material in the distal bifurcation of the right ICA was shown as a filling defect at the most proximal portion of the right ACA. There was good retrograde filling of the cor tical branches of the right MCA from those of the right ACA via the leptomeningeal anastmoses (Fig.  111 ). Bilateral retrograde brachial angiography done the next day showed recanalization of the origin of the right ACA from the ICA. There was good retrograde filling of the posterior branches of the MCA from the cortical branches of the right PCA via the leptomenin geal anastmoses (Fig. 1 C) . This pattern of angiographic findings corresponded to Type 1 in Table 1 . The CT obtained 4 days after the onset showed a low density area which extended from the lateral part of the basal ganglionic region up to the periventricular white matter and the centrum semiovale on the right. The cerebral cortex was not generally involved except for a localized area in the middle temporal lobe on the right (Fig. 2 ). This extension of infarct was classified as Type III in Table 4 . Disturbance in consciousness lasted about 1 month after admission. No neurological improvement other than moderate recovery of the weakness in the right lower extremity was noted when the patient was transferred to an outside hospital 7 weeks after the onset. Bilateral retrograde brachial angiogram showed a severe stenosis (more than 80%) in the cavernous portion of the right ICA. The vertebrobasilar arterial system was hypoplastic as the PCA was predo minantly fed by the ICA on both sides. Table 1 . However, some of the cortical branches of the MCA were occluded abruptly with stasis of the contrast material (Fig. 3C ). The CT taken 12 days after the onset showed an area of infarct which spread extensively from the lateral part of the basal ganglionic region to the opercular region and up to the centrum semiovale on the left (Fig. 4) . This extension of infarct corresponded to Type II rather than Type III of Table  4 . The patient's neurological deficits showed no ten dency of recovery, and 1 month after the onset she was trasferred to a rehabilitation hospital. Case 3 This 72-year-old female with several episodes of atrial fibrillation was found unresponsive in her bed early in the morning. On admission to our hospital 2 hours later, she was in a semicomatose state and showed moderate hemiparesis on the right and conju gate deviation of her eyes towards the left. The CT taken immediately after admission was unremarkable. The pattern of angiographic findings (Fig. 5 ) cor responded to Type 1 of Table 1 . However, there was severe stenosis (more than 80 %) in the cavernous portion of the right ICA. Visualization of both the ACA and PCA was suboptimal and the cortical branches of the MCA via the leptomeningeal anas tmoses could not be seen on the left. The vertebro basilar arterial system was hypoplastic as the PCA was predominantly fed by the ICA bilaterally. She expired 2 days after the onset.
The CT taken 6 hours prior to death showed a uni formly decreased density over the entire left cerebral hemisphere. Prominent swelling of the left cerebral hemisphere and features of transtentorial downward herniation were noted (Fig. 6) . The autopsy specimen showed a marked diffuse swelling and congestion of the left cerebral hemisphere which caused transtentorial downward and subfalcial herniation (Fig. 7) . Micro scopic examination of the infarcted area revealed a marked congestion, ischemic changes of neurons, and diffuse edema of the neuropil (Fig. 8A) . The distal bifurcation of the left ICA, which had been occluded on angiography, was patent (Fig. 8B ), but multiple occlusions of the cortical branches of the MCA were noted (Fig. 8C) . This was considered due to fragmented emboli.
Case 4 This 58-year-old male had had several episodes of palpitation for the past two years prior. One morning he was found unresponsive in his bed, though he had been seen reading a newspaper in his bed as usual one hour prior to this. On admission to our hospital about 2 hours later, he was semicomatose with hemiparesis on the right. Ventricular premature beats were occasionally seen in the ECG. The CT taken immediately after admission was unremarkable. The pattern of angiographic findings obtained following CT examination corresponded to Type 2 in Table 1 . An extensive external decompression and anastmoses between the branches of the superficial temporal artery and cortical branches of the MCA on the left were performed about 6 hours after the onset. Patency of the anastmoses and good visualization of most of the MCA branches were confirmed by external carotid angiography done 5 hours after operation (Fig. 9) . The CT done 10 hours after the operation showed an extensive swelling and a decrease in density of the left cerebral hemisphere with associated massive ex tracranial herniation through the craniectomy defect and a marked hemorrhagic transformation (Fig. 10) .
The patient expired two days after the onset. The autopsy showed a massive swelling of the left cerebral hemisphere and splitting of the body of the corpus callosum. The degree of hemorrhagic transformation of the infarct was the most severe in the superior oper cular region (Fig. 1 l) . A transverse section of the distal bifurcation of the left ICA showed that the occluding material was not adherent to the intima. There was no tissue reaction between them (Fig. 12) . Therefore, taking the clinical features into consideration, this occluding material was thought to be a thromboem bolus. Table 1 . Two weeks after the onset, she died suddenly. On macroscopic examination, the cere bral cortex was almost intact except for a narrow area of infarct in the paramedian zone of the left frontal lobe. The deep white matter looked somewhat greyish and felt rubbery soft throughout on the left (Fig. 13) . A large section with Kluver-Barrera stain showed a diffuse area of infarct in the deep white matter of the left cerebral hemisphere (Fig. 14) . Though relatively widespread, the extension of white matter infarct in this case was considered to correspond to CT Type IV of Table 4 . A transverse section of the cavernous portion of the left ICA showed an obvious tissue reac tion between the periphery of the occluding material and the arterial wall which showed advanced arter iosclerotic changes (Fig. 15 ). This occluding material was regarded as a relatively old thrombus formed in situ. Case 6 A 48-year-old diabetic male insidiously became mute and developed total aphasia and mild hemiparesis on the right over the course of three days . The CT on admission showed a localized subcortical low density area in the paramedian zone extending from the occipital lobe upward and anteriorly to the parietal lobe on the left (Fig. 17) . The density of this lesion was quite low, but no displacement or deformity of the posterior part of the lateral ventricle was seen. This extension of infarct was classified as Type V in Table 4 . The cerebral angiogram showed complete occlusion of the ICA bilaterally, a few centimeters from the carotid bifurcation. The ICA showed considerable wall irregularity and tapering of the lumen towards the site of occlusion on both sides. Vertebral angiogram revealed good visualization of both of the ACA and MCA via the hypertrophied PCoA bilaterally (Fig.  16A, B) . This pattern of angiographic findings corre sponded to Type B in Table 1 . However, flow to the left cerebral hemisphere looked relatively poor com pared with that on the right due to the smaller caliber of the left PCoA. He recovered well from the hemi paresis and aphasia and was transferred to an outside hospital three weeks after the onset. Case 7 One evening, this 62-year-old male was found lying unconscious on the floor in his house. On admission to a local hospital two hours after the onset, he presented with moderate disturbance in consciousness and hemiplegia on the right. Left carotid angiogram immediately after admission showed complete occlusion of the left ICA at its origin from the common carotid artery. The right carotid injection did not show collateral tracts to the left cerebral hemisphere, as there was no visualization of the right ACA from its origin (Fig. 18A, B) . Vertebral angiogram revealed retrograde filling of the cortical branches of the posterior trunk of the left MCA via the leptomeningeal anastmoses to good advantage. The ACA was well visualized in a retrograde fashion to its most proximal portion on both sides (Fig. 19A, B ).
This pattern of angiographic findings was considered to correspond to Type D in Table 1 . However, the left PCoA was hypoplastic and its direct collateral tracts to the left cerebral hemisphere from the vertebrobasilar arterial system were not well shown. The CT obtained 2 weeks after the onset showed an extensive area of infarct distributed over the entire MCA and over the proximal branches of the ACA on the left (Fig. 20) . This extension of infarct was considered to correspond to CT Type II in Table 4 . The posterior and superior parts of the left MCA distribution, where collateral blood supply from the cortical branches of the PCA was good, showed massive hemorrhagic transforma tion. Clinical improvement was suboptimal and he was transferred to a rehabilitation hospital 6 weeks after the onset with persisting total aphasia and right hemiplegia. Case 8 This 44-year-old male had poorly controlled hypertension for 24 years. Three months prior to admission, he had a mild weakness of the right arm which lasted about 1 hour. One month prior to admission he had mild hemiparesis on the right and slight disturbance in conciousness which lasted about 4 days. The CT revealed a localized area of decreased density in the deep white matter of the left frontal lobe extending along the watershed zone between the dis tribution of the MCA and ACA (Fig. 21) . The exten sion of white matter infarct in this case was considered to correspond to CT Type IV of Table 4 and cerebral angiography was recommended, which the patient re fused. Ten months later, hemiplegia and hemihypes thesia on the right and disturbance in various higher cortical functions in cluding aphasia, alexia, acalculia, and agraphia developed over several hours. The CT re vealed prominent extension of the white matter in farct in the left frontal lobe towards the surface of the cortex extending along the watershed zone between the distribution of the MCA and ACA (Fig. 22) . Cerebral angiogram showed complete occlusion of the left ICA at its origin. Direct collateral supply to the left cerebral hemisphere was suboptimal as both the ACoA and PCoA were relatively hypoplastic. Indirect collateral tracts from the posterior circulation was good (An giography Type A of Table 1 ). 
Discussion
As shown in Table 4 , there are distinct correlations between the extension of the infarct on CT and the pattern of angiographic findings: 1) Infarct in an entire cerebral hemisphere (CT Type I in Table 4 ) tends to be caused by occlusion of the intracranial ICA in its distal bifurcation (Angiography Type 1, 2 in Table  1 ) or by occlusion of the cervical ICA on the dominant side which feeds both ACAs (Angiography Type D). Table 4 ), is caused by various kinds of cavernous ICA occlusion and cervical ICA occlusion with rela tively well developed direct collaterals. The indirect collateral from the posterior circulation was well de veloped in cases with Type IV distribution of infarct, while it was poorly developed in cases with Type V distribution of infarct. The Table 4 also shows that cases with probable embolic occlusion of the ICA tend to have an extensive area of infarct. This tendency is prominent in cases with occlusion of the ICA in the distal bifurcation, which is strategically important for cerebral circula tion (Angiography Type 1 and 2 in Table 1) , and in cases with cervical ICA occlusion which have considera ble concomitant incompetance of the circle of Willis (Angiography Type C, D and E in Table 1 ). In these cases, sudden occlusion of the ICA by an embolus tends to cause a widespread area of infarct because there is no time for autoregulation to develop and maintain a satisfactory circulation for the brain. 121 The rapid development of marked oligemic brain swelling and the resultant cerebral herniation cause secondary occlusion of both the direct and indirect collateral tracts (Fig. 5B) . If the ACoA is not patent, as in cases with occlusion of the distal bifurcation (Angiography Type 2 in Table 1 ), death usually occurres within a few days because of severe ischemic necrosis in the distribution of the MCA and ACA, and then in the distribution of the PCA by a transtentorial downward herniation (Case 4, CT Type I in Table 4 ). However, differences in the extent of infarct in cases with the same angiographic pattern largely depends upon the degree of developement of the direct and indirect collateral tracts. Occlusion of the ICA in the distal bifurcation inevitably blocks the direct collateral tract from the vertebrobasilar arterial system via the PCoA. In such cases, blood supply to the affected side is maintained by direct collateral flow to the ACA from the contralateral ICA via the ACoA, and by indirect collateral tracts to the territory of the MCA from the cortical branches of the ACA and PCA via the leptomeningeal anastomoses (Angiography Type 1 of Table 1 ). If the degree of developement of this type of indirect collateral tracts is good, the area of infarct tends to be localized to the distribution of the lenticulostriate arteries where perfusion pressure is considered to be the lowest (Case 1, CT Type III of Table 4 ). The area of infarct tends to be widely spread in the MCA territory in cases with multiple occlusion of the cortical branches of the MCA by fragmented emboli which hinder the availability of indirect col lateral tracts via the leptomeningeal anastomoses (Case 2, CT Type II of Table 4 ). This finding was seen in 9 out of 41 cases with probable embolic occlusion of the ICA. And if there is a severe stenosis in the contrala teral ICA or elsewhere in the direct collateral tracts, areas of infarct have a tendency to spread to an entire cerebral hemisphere (Case 3, CT Type I in Table 4 ). Table 1 (Case 4). There has been considerable arguement as to the indication for surgical revascularization in cases with ischemic cerebrovascular disease. However, the performance of surgical revascularization during the first 2 to 3 weeks after a completed stroke has been cautioned against because of the increased risk of subsequent massive brain edema and of hemorrhagic transformation of the infarct.' -3,7,9,20) Experimental efforts should define the limits of this critical period more accurately. It was reported recently that a hemorrhagic transforma tion of infarction occurs with quite a high incidence fol lowing recirculation in dogs undergoing a 6 to 12-hour occlusion of the main cerebral arteries compared with those undergoing 2 or 3-hour and 24-hour occlu sions.10) For most cases with cavernous and cervical ICA occlusion with less than 2 indications of embolism, direct collateral blood supply from the contralateral ICA via the ACoA and from the vertebrobasilar ar terial system via the PCoA are available. Most of our cases of this type showed an area of infarct in the deep white matter (Case 5, CT Type IV in Table 4 ) and/or a narrow subcortical infarct which extended from the occipital lobe up to the parietal lobe along the para median zone (Case 6, CT Type V in Table 4 ). The former is also seen in cases with severe ICA stenosis and is considered to be a kind of watershed infarct which occurred between the distribution of the per forating arteries and those of the medullary arteries of the MCA and ACA; and the latter type of infarct is considered to be another kind of a watershed infarc tion which occurred between the distributions of the PCA and MCA and those of the ACA and MCA.6,19,22> The extent of infarction in the deep white matter is thought to be a function of the peripheral vascular resistance as well as of the amount of blood supplied by direct and indirect collateral tracts. It is reported that retardation in capillary circulation tends to occur in the centrum semiovale under a rela tively slight generalized decrease in cerebral circula tion. This produces acidosis and causes increases in the extravascular space and results in further reduction in the circulation of the deep white matter while the circulation of the cortical region is retained. 12) Three of the cases with cervical or cavernous ICA occlusion showed no low density lesion on CT. The incidence of cases with negative CT among the cases with ICA occlusion seemed much lower in Japan compared with that in the western countries. 15 ) This might at least partly be because the degree of arteriosclerosis in the leptomeningeal and parenchymatous arteries is much more severe in the Japanese people than in those of the western countries. 14,16) Case 8 demonstrated well one of the fruits of this study. This case attracted our attention when we had just finished this study. Though change in the initial The CT taken after two minor strokes was subtle, the existence of an occlusive process in the ICA could successfully be predicted according to the Table 4 .
Recognition of the angiographic pattern and of the nature of the ICA occlusion is of much help in early prediction of the extent and degree of ischemia in cases with ICA occlusion, because the area of infarct is usually not recognizable on CT within 12 hours after the onset, however widespread it might be. Prognosis of cases with probable embolic occlusion of the ICA which belonged to the Angiography Types 1, 2 and D of Table 1 was quite pessimistic, as about two thirds of them died within several days.
